Background. Linear programming has been used extensively as a tool for nutritional recommendations. Extending the methodology to food formulation presents new challenges, since not all combinations of nutritious ingredients will produce an acceptable food. Furthermore, it would help in implementation and in ensuring the feasibility of the suggested recommendations.
Introduction
Among all the challenges in the field of nutrition, child malnutrition is of special relevance and importance. Child malnutrition and high mortality are common in developing countries [1] [2] [3] [4] ; among other factors, inappropriate foods and feeding practices play a major role in the etiology of malnutrition [5] [6] [7] . The lack of minerals and vitamins leads to negative health consequences [8] . Deficits in micronutrients, such as calcium, iron, and zinc, are common in home-based complementary diets fed to young children in developing countries [9, 10] . The severe negative effects of zinc deficiency on human health in developing countries have only recently been recognized by the United Nations [11] . During childhood, zinc deficiency causes stunting and impaired cognitive function, increases the incidence and severity of acute and persistent diarrhea and acute lower respiratory infections, and possibly increases the incidence of malaria [12] .
Linear programming has emerged as an important tool for aiding in developing food-based recommendations [13] [14] [15] [16] [17] [18] . The method has been used extensively to develop population-and individual-specific recommendations [19, 20] , to investigate the economic effect of supplementation and food aid [16, 21] , to find limiting micronutrients [22] , and to investigate to what extent budget constraints influence the possibility of choosing healthy diets [23, 24] .
Many of the above-mentioned studies include cultural constraints to make sure that the recommendations are reasonably palatable, for example, by requiring that a single group of foods does not constitute a larger portion of the total intake than is customary in the region [16] , that foods are consumed in specific relative amounts [13] , and that the deviation from the present diet is small [17, 23, 24] . Despite these precautions, it is not trivial to translate the obtained recommendations; it is not always easy for the intended target group to translate these more general recommendations to food preparation. Cultural and palatability constraints may ensure that the ingredients are consumed in reasonable proportions, but not that the optimizations will produce amounts of ingredients that could be used to formulate a food with an acceptable structure. Extending the linear programming methodology from dietary recommendations to formulating menus or foods could thus help in implementation and testing the feasibility of the recommendations. However, designing foods creates additional challenges compared with forming dietary recommendations. Foods need to fulfill a number of new sensory and consistency constraints. Food consistency is arguably the most important technological property of a food if it is to be used for children at risk for malnutrition or starvation.
In many parts of Africa, children are fed with mashed adult food or starchy staples that, when cooked with water, absorb a large amount of water and swell up. The foods become viscous and bulky, with low energy and nutrient density [25] . Such inadequacies are further aggravated if infants receive very few feedings per day [9] . Cereals or starchy roots and tubers are also used as a basis for complementary foods, usually prepared as thin gruels. A wide range of supplementary foods has been developed by research groups [25] [26] [27] and the food industry [28] . However, the linear programming methodology has not yet been fully harnessed for the design of complementary or supplementary foods. A first step was taken by Dibari et al. [29] in using linear programming to design a therapeutic food for children. Consistency was ensured by requiring sufficient fat content to give a paste-like texture. However, consistency constraints are more challenging to formulate than traditional nutritional constraints, since there is no sufficiently accurate yet simple method to estimate the consistency or even the rheological properties of a food from its composition, and thus there are no generally agreed-upon limits. The extension of the linear programming methodology to food requires a firm understanding of how swelling of the commonly used starchy ingredients influences consistency. In previous studies, we investigated the relationship between consistency and concentration of starch flours used both individually [30] and in binary mixtures [31] . These data are used in the present study as the empirical basis for formulating consistency constraints to ensure that the chosen ingredients not only are nutritious but also constitute an acceptable food.
The specific aim of this study was to extend the linear programming methodology from general diet recommendations to food formulation by requiring the chosen ingredients to make up a food with acceptable consistency for the intended consumer group. The long-term objective of the research project is to develop a method for designing nutritious, palatable, and cost-effective foods to be used, for example, for emergency relief and complementation. The methodology presented in this study is thus exemplified using the formulation of a nutritious, minimum-cost porridge mix for use among children aged 1 to 2 years in rural Mozambique. In addition to the aforementioned problems of malnutrition in this group, the strict requirements for both consistency and the limiting total mass of food make these conditions a challenging test for the proposed extension. The mix should preferably be based on locally available ingredients to keep transportation costs low and to ensure that the obtained formulation is culturally acceptable. The formulation can be applied as a centrally prepared emergency food that can be distributed as part of aid programs or food relief.
Method of development

Linear programming and consistency constraints
Linear programming as a systematic method to find the lowest-cost mix to fulfill a set of nutritional requirements has been comprehensively described elsewhere [13, 16, 17] . However, additional constraints need to be added to ensure an acceptable consistency when extending the method from diets to foods. The effects of concentration on swelling and the consistency of porridges from starchy flours found locally in Mozambique have been studied in a previous paper [30] . Two commercial porridges for children (oat and oat or wheat meal) were used as references. Each of the locally available flours in table 1 was mixed with different amounts of hot water until the same consistency as that in the reference samples was reached. Table  1 shows the highest concentration of each flour that could be added without exceeding the consistency of the reference samples.
Each row in table 1 refers to porridges prepared using a single flour. A second study was conducted to investigate any synergetic effect on swelling of binary mixtures. The results show that an equal blend of two porridges, each having a flour concentration according to table 1, results in a mix with a consistency at or below that of the commercial reference [31] . Thus, ensuring that none of the flours are added to the product at a flour-to-water ratio above that given in table 1 will ensure that the consistency of the mix is not too thick. Supplementary or emergency relief foods are designed to achieve a high energy and nutrient density, so there is no reason to include any of the flours below the flour-to-water ratios in table 1. Thus, the consistency constraint was implemented by forcing each unit weight of starchy flour to be accompanied by as much water as needed to give the composition indicated in table 1. In other words, the linear programming algorithm will use individual porridges prepared according to table 1, rather than the individual flours, as decision variables.
A second consistency constraint was included by limiting the dry matter content to 25% in order to take into account the influence of the remaining ingredients on consistency. The dry matter content of traditional baby-food porridges is often low, approximately 20% [32] . The higher upper limit for dry matter content used here is motivated by the finding that children in rural Mozambique often eat solid foods such as rice, nuts, and thick maize porridge at an early age. Furthermore, all introduced constraints will add to the cost of the final product and must be introduced with care, since poverty is widespread in the region. More than 50% of all families in Mozambique live under the poverty income level of US$1.25/day [33] , and families have on average five children [34] .
Finally, the total mass of reconstituted porridge was limited to ensure that the total porridge volume would not exceed the daily gastric capacity. Gastric capacity varies with weight and age of the child. Here a total maximum intake of 1,000 g/day was assumed, which is in approximately the same range as the mass obtained by adding the components of the US Department of Agriculture (USDA) recommendations for 2-year-old children [35] . The limit is higher than the 600 g/day that has been suggested for infants [36] .
Shadow price analysis
Linear programming is a technique brought into nutrition and food science from economics, management, and operations research. Economists are often interested in how total cost depends on different constraints in order to find, for example, limiting production factors. The cost of each constraint is described as the "shadow price" in economics. The shadow price equals the Lagrangian multiplier of the corresponding constraint in the mathematical optimization problem. It is obtained directly from standard linear programming algorithms. Shadow prices have not yet-to the best of our knowledge-been used in nutrition linear programming, but they can be used to measure how costly each nutrient requirement is to fulfill. More formally, each constraint will have a corresponding shadow price describing how much the objective function (total cost) would decrease if the constraint was relaxed one unit [37] .
The Mozambican porridge mix example
A list of feasible, locally available ingredients to include in the porridge mix was obtained from a survey of local food markets and a preliminary survey of the eating habits of children under 5 years old in the Maputo Province of Bobole, located in rural Mozambique (24hour recalls of three consecutive days, n = 47). The final list of food ingredients includes the flours in table 1, nuts, leaves, fruits, beans, vegetable oil, and vegetables. Meat and seafood ingredients were excluded because they are expensive and are consumed only as luxury foods in the region and are therefore not relevant as ingredients in low-cost relief food. This assumption was further supported by observing the low nutrientto-cost ratios of the different ingredients and the low consumption of meat and seafood in the preliminary survey.
The mix was designed to fully cover the energy requirements of the child, thus assuming no breastfeeding during the period when the emergency rations are administered. This assumption was introduced in order to both simulate disaster conditions and subject the methodology to a more demanding test.
Local ingredient prices per consumable weight were obtained from a market in Maputo in February 2013. Prices were collected in the local currency, Mozambican meticais (MZN), and converted to US dollars (US$1 = 30 MZN). Estimates of prices of mineral supplements for comparing suitability of supplementation were obtained from online price lists of food suppliers in April 2014. Ten times the list price was used as a cost estimate for the supplement salts in order to take into account transport costs and uncertainty in prices.
The nutritional composition of each ingredient (raw) was obtained from the USDA database [32] when available. Data for cassava leaves were obtained from the food composition tables for Mozambique [38] . Lower and upper levels of macro-and micronutrient intakes for use in the linear programming were [41] . c. Adequate Intake (AI) for infants 6 to 12 months old [40] . d. Based on ≤ 40% energy from fat, ≤ 20% energy from protein, and ≤ 65% energy from carbohydrates [40] . e. Recommended Daily Allowance (RDA) [40] . f. Recommended Nutrient Intake (RNI) [39] . g. Tolerable upper intake level [40] . [41] . c. Adequate Intake (AI) for infants 6 to 12 months old [40] . d. Based on ≤ 40% energy from fat, ≤ 20% energy from protein, and ≤ 65% energy from carbohydrates [40] . e. Recommended Daily Allowance (RDA) [40] . f. Recommended Nutrient Intake (RNI) [39] . g. Tolerable upper intake level [40] .
obtained from Food and Agriculture Organization (FAO) Recommended Nutrient Intakes (RNIs) [39] and USDA Recommended Daily Allowances (RDAs) [40] (or Adequate Intakes [AIs] when RNIs or RDAs were unavailable) (table 2). The bioavailability of minerals is influenced by diet. A moderate bioavailability was assumed for zinc and a 10% bioavailability for iron. FAO energy intake recommendations [41] differ for boys and girls aged 1 to 2 years. All constraints used for boys can be seen in table 2. The corresponding constraints for girls can be seen in table 3.
All linear programming optimizations were carried out using the simplex method algorithm, used as implemented in MATLAB 2014a. [42] 
Results
As a first attempt, the composition of the minimumcost relief porridge fulfilling all nutritional and consistency constraints was calculated using linear programming, as described above. Only the previously listed locally available foods were included in the analysis. The optimization successfully found solutions for both boys and girls. The full composition of the food can be found in table 4 and is summarized in terms of ingredient categories in table 5 (condition A). As seen in table 5, the porridges contain a large percentage of starchy flours, 55% (mainly in the form of roasted cassava and dehulled sorghum flours). Leaves and beans are included together with the starchy components to fulfill the nutrient constraints. However, the minimum price to achieve these constraints is high (US$0.37/day).
It can be seen from table 5 that most micro-and macronutrients fall within the constraints for both age groups; however, not all constraints that are active have a large influence on price, as can be seen by looking at the shadow prices (see table 2 ). The micronutrient with the highest shadow price, by far, is calcium supplementary table 6) . The cost is reduced by 38% for boys and 35% for girls when supplementing with calcium. Shadow prices for this second optimization reveal how to reduce the cost even further. Looking to the micronutrients, zinc has the highest shadow price (US$0.5/mg/day for boys and US$1.1/mg/day for girls). A third optimization (condition C in table 5) was run by including both zinc gluconate and calcium citrate supplements. The final composition can be seen in table 5. The supplemented porridge contains a higher percentage of the cost-effective starchy flours and lower concentrations of the more expensive nuts and beans. Supplementing with zinc allows a cost reduction of a further 13% to US$0.21/day. The total cost reduction from including supplements is 43%. Table 5 is useful in illustrating the composition of the suggested porridges; however, since the porridges are themselves a mixture of flour and water, the final porridge composition in terms of primary ingredients is also shown in table 7 for comparison.
Discussion
Feasibility of obtained porridge
In summary, the results show that the linear programming methodology with the consistency constraint does arrive at a porridge fulfilling both consistency and nutrient constraints for both boys and girls. Furthermore, the solutions for boys and girls are very similar, showing that the algorithm is insensitive to small variations in energy requirements. In many cases, linear programming fails to produce a feasible diet, especially when setting a large number of constraints and including only local foods available in developing countries [17] . The finding that the linear programming algorithm successfully arrives at a solution in all cases is a promising result; however, it cannot be generalized to all foods, lists of ingredients, or age groups. Generally, adding more nutritional constraints increases the risk of failing to find a solution. Younger children require more energy-and nutrient-dense foods, which is more challenging for the methodology. As a stress test, optimizations were repeated with a reduced upper total mass constraint, simulating an increased nutrient and energy density requirement. Even when the limit was reduced to 300 g/day (a third of the original estimation used above), feasible porridges were obtained; however, the cost increased (by 22%). The present analysis does not include cultural constraints on the amount of the different ingredients or groups of ingredients. However, all ingredients included in the analysis are commonly grown in the area and consumed by adults and children. The obtained porridges have a high percentage of starchy flours, especially when external supplementation of trace minerals is assumed (see conditions B and C in table 5). Putting an upper limit on the amount of starchy flours, as has been done in studies on diets [16, 17] , would not be a reasonable cultural constraint for the porridges in this study, since starchy flours in general and roasted cassava flour in particular constitute the major part of the diet for many families in rural Mozambique at present [43] .
The introduced consistency constraints make sure that the thickness of the obtained porridges before nonstarchy ingredients are added is comparable to that of commercial porridges designed for and consumed by children of the relevant age group. The final mix suggestion in table 5 (condition C) is an almost binary mixture (91%) of dehulled sorghum and orange-fleshed sweet potato, which has been shown experimentally to give a consistency in the range of commercial babyfood porridge formulations [31] . The upper limit on dry matter makes sure that the remaining ingredients do not make the porridge too thick. As shown in table 2, the supplemented mix has a low dry matter content (15%). This is in the range of commercial products. The USDA database [32] lists four commercial baby foods for toddlers 1 to 3 years old, and the dry matter contents of these vary between 7% and 18%. Taste constraints are not included in the present analysis, since taste is considered secondary to consistency and nutrition under relief conditions. Traditionally, when it is available, sugar is added to the starchy porridges, such as porridge made with roasted cassava flour (a product locally known as garri or rale), to improve taste. Adding sugar to the optimal mixes would not significantly increase energy intake; adding up to 3 tablespoons of granulated sugar to each daily intake would not increase energy consumption by more than 4% (energy data from USDA [32] ). However, any addition of sugar would imply a higher-than-optimal price and also would have adverse effects on the percentage of energy from carbohydrates. Finally, it has also been argued that a high concentration of sorghum (as obtained in the suggested recipe) could have a beneficial effect on taste in similar products [29] . A final test of acceptability requires the use of consumer trials and sensory evaluation. Planning and carrying out such studies is an important next step in further validating the methodology.
The nutrient compositions reported in this study are based on raw ingredients. Cooking, which is required when preparing the suggested porridge, generally influences nutrient composition. In this case, the limiting micronutrients, such as zinc and calcium, are not easily degraded by heat. However, the carotenoids that are precursors of vitamin A are influenced by cooking conditions [44] . It would be an interesting extension of the analysis to include cooking time and temperature as independent variables in the optimization to determine the optimal amount and type of preparation to obtain acceptable consistency while fulfilling nutrient constraints and minimum cost.
In developing countries, the food is often plantbased. This is frequently associated with deficits of micronutrients such as iron, zinc, and calcium, induced in part by poor bioavailability, especially when the complementary food is based on unrefined cereals and legumes are used. The effect is aggravated by a high content of phytate, a potential inhibitor of mineral absorption [9, 45, 46] . Thus, a complete nutrient optimization routine should automatically adjust the micronutrient limits as a function of the antinutrients included. This effect is complex and has not yet been included in the nutrient evaluation in the linear programming methodology. This study, like previous studies [47] , is based on an assumed constant bioavailability. A more comprehensive treatment of bioavailability and absorption could also be used to better determine whether the assumption of a meatfree ingredient list can be sustained. However, the assumption of constant bioavailability is not expected to influence the feasibility of the methodology, since reduced bioavailability of the limiting minerals could be moderated by adding more supplement salts, which can be done without influencing cost or consistency.
Limiting nutrients and economic implications
The dry mix porridge example is intended as a relief and emergency food for extreme situations. However, it also describes the minimum cost of a complete nutritious baby food with agreeable consistency based on locally available and culturally consistent ingredients. Therefore, it does offer further insight into the cause of child malnourishment in the region.
In summary, the results show that a nutritious porridge with acceptable consistency could be designed using local ingredients; however, the cost will be very high if supplements are not available. The average family size of five children [35] and the food cost per child in the example would result in a total cost of US$1.85/day. This is unsustainable in an economy where 50% of the population has an income below US$1.25/day [34] . The high prices obtained in the supplement-free optimization (condition A in table 5) show that it is challenging for rural families to prepare foods for children that meet the daily recommendations using local ingredients within a tight budget. This is in line with conclusions from previous diet optimization performed on the same region [48] . Moreover, the present study shows that the cost is increased further by including the consistency constraints. Requiring a more realistic diet is expected to increase the cost even further. In summary, increased nutritional awareness and information campaigns alone cannot solve child malnourishment in the region.
The porridge example also shows the value of using shadow prices in order to determine the influence of different micronutrients. Although several of the micronutrients fall within the lower bound of the respective constraint, they do not all influence the minimum porridge price to the same degree. For example, vitamin A deficiency is a problem for young children in the developing world, with an estimated prevalence of 71% in children aged 6 to 59 months in Mozambique [49, 50] . However, looking for the limiting nutrient and the shadow price in our study, it should be easy to fulfill vitamin A requirements, assuming that households include ingredients with a cost-efficient concentration of vitamin A, such as green leaves and orange-fleshed sweet potato. This implies that vitamin A deficiency is not caused by economic constraints and could be solved by making the already available vitamin A-rich ingredients more acceptable (see, for example, De Carvalho et al. [51] ).
In contrast, zinc does constitute an economically limiting nutrient; it would not be possible to improve zinc deficiency by dietary changes without significantly increasing the cost of the food. Alternative foods rich in zinc, such as seafood and meat, are either unavailable or expensive and so would not solve the problem. Thus, based on the shadow price analysis, it could be argued that supplementation is necessary for zinc but not for vitamin A.
Linear programming for food design
This study adds consistency constraints to linear programming as a step toward extending the methodology commonly used for dietary design recommendations for soft porridges. However, different types of food need different consistency constraints, and consistency is not the only sensory variable of importance for food formulation. Including constraints on other sensory aspects, such as taste, flavor, and general mouthfeel parameters, would be an interesting continuation of the present work. This would require more experimental studies analogous to those of De Carvalho et al. [30, 31] on how mixtures of common ingredients influence these properties in order to find and formulate relevant constraints. This continued extension of linear programming for nutritional use is not only of importance for obtaining more feasible diets and foods; the growing use of linear programming to draw conclusions on policies and relief programs [21, 23, 24, 52] is dependent on the inclusion of refined constraints to further support the feasibility of the optimal compositions.
Conclusions
The objective of this study was to extend the linear programming methodology from diets to foods by including consistency constraints in order to increase feasibility and to aid in diet implementation. Consistency constraints for soft porridges were included based on empirical studies of swelling behavior and limits on dry matter content. The method was exemplified using a minimum-cost emergency relief food formulation based on local ingredients fulfilling nutrition constraints. The optimizations were successful in finding formulations that fulfill all constraints; however, the cost was unreasonably high when only locally available ingredients were included. Reasonable cost requires the inclusion of supplements for mineral salts, due to the high cost of local ingredients rich in minerals. After allowing for mineral supplements, a food with a feasible price, an acceptable consistency, and what by comparison would be expected to be a culturally agreeable composition was obtained. The example shows that the extended methodology produces reasonable results for a challenging case and offers a promising methodology for designing nutritious foods for combating malnourishment.
